ABSTRACT
Yucatan

BACKGROUND
The buried Cretaceous-Tertiary (K/T) source crater in northernmost Yucatan (Plate 1) was first recognized as a zone of concentric anomalies in gravity surveys circa 1948 (CornejoToledo and Hernandez-Osuna, 1950) , prompting an exploratory drilling program by Petr61eos Mexicanos (Pemex) that began in the early 1950s. By then, the feature was known as the Chicxulub structure after the small Mayan village of Chicxulub near the structure's center, the place where the first exploratory well was drilled (Antonio Camargo, personal communication, 1994) . The
Pemex drilling program comprised eight deep holes, with intermittent core recovery, and was completed in the mid-1970s. This effort revealed unusual occurrences of Upper Cretaceous crystalline rocks and breccias--thought at the time to indicate a large volcanic field--amid the typical Mesozoic carbonate platform sequence of this region (Lopez-Ramos, 1983 ).
Penfield and Camargo (1981) first reported Chicxulub's unusual features and proposed that they could signal a large buried impact structure. Even though popular reports at that time (Byars, 1981; Sky and Telescope, 1982) suggested this could be the elusive site of the K/T impact event proposed by Alvarez et al. (1980) , Chicxulub went virtually unnoticed for almost a decade. In the meantime, impact enthusiasts explored various scenarios to mitigate the absence of a recognized K/T crater large enough to account for the environmental crisis predicted by the Alvarez hypothesis. By the second Snowbird meeting in 1988 (Sharpton and Ward, 1990) , two potential solutions to this problena had gained broad acceptance: (1) a large K/T impact site on the ocean floor would be difficult to recognize and could have been destroyed during 65 million years of plate recycling; (2) many smaller impact events, occurring either simultaneously or in a narrow time window, could initiate the K/T biospheric crisis without the need for a 200-kin-class crater. Both these ideas were convenient and both were seriously considered even though there was very little, if any, robust evidence in their support.
During the last few years, however, as analyses of K/T boundary materials yielded clear evidence of a single (Bohor, 1990) continental impact site (Bohor, 1990; Sharpton el al., 1990a Sharpton el al., . b: tzett. 1990 Sharpton el al., : izett et al., 1990 , in the vicinity' of the Gulf of Mexico (Bourgeois et al.. 1988: Hildebrand and Boynton, 1990) , attention turned finalh' toward the Yucatan Peninsula of Mexico (Sharpton et al.. 1990b; Hildebrand and Boynton, 1990) . Even then, however, the rediscovery of the Chicxulub structure was not a clever act of scientific detective work, as it is sometimes portrayed As late as 1991, the group conducting the most ambitious search for the K/T crater was still combing ocean floor in the Colombian Basin off the coast of Nicaragua. It took the intervention of Carlos Byars, the reporter for the Houston Chronicle who had interviewed Penfield and Camargo in 1981, to put the planetary community on the track to Chicxulub almost a decade later.
Armed with this information, it was only a matter of time until Chicxulub became the center of intense scientific scrutiny; drill core samples were soon located, and a number of laboratories began to uncover more compelling evidence that the Chic> ulub structure is a buried impact crater and to strengthen its temporal link to the KT extinction event (Hildebrand et al., 1991 : Pope et al., 1991 , 1993 Kring and Boynton, 1992 : Sharpton ct al., 1992 , 1993 , 1994a Swisher et al., 1992; Btum et al., 1993; Krogh et al., 1993 : Koeberl et al., 1994 Schuraytz and Sharpton, 1993; Schuraytz et al., 1994) . Focus is now shifting from proving the origin and age of the Chicxulub impact basin to gaining a better understanding of the crater as well as the geological and environmental consequences of the impact event that produced it.
Here we assemble and assess the geophysical and geological characteristics of the Chicxulub basin as understood to date, including the general stratigraphic sequence of impact lithologies and target rocks obtained from drill-core and well-log data. We combine these constraints with those derived from terrestrial and planetary crater studies to construct a general model of the Chicxulub structure as an -300-km-diameter impact basin and discuss its implications. , Baldwin, 1963; Schultz, 1976; Head, 1977; Melosh and McKinnon, 1978; Pike and Spudis, 1987; Melosh, 1989; Spudis, 1993 ), yet even now they are not well understood. Tile surficial expression of basin rings, particularly the distal ones. can be quite subtle, especially when the basin has been modified by cons of subsequent geological activity, as most have. There is even debate over whether or not multiring basins exist at all on some terrestrial planets (see discussion in
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Chapter IX, Melosh, 1989) , and one faction maintains that a planetary asthenosphere is necessary for multiring basin formation ( Melosh and McKinnon, 1978: Melosh. 1989 ). This lack of consensus has led to a generally hesitant approach to interpreting even the largest impact features on Earth as the modified remains of multiring basins.
The recent Magellan mission provided the first highresolution unencumbered views of the surface of Venus. Recognition that multiring basins occur on that planet (Schaber et al., 1992; Alexopoulos and McKinnon, 1994) , so different from the Moon and Mercury, yet so similar to Earth in terms of its surface gravity, atmospheric conditions, and target strength, has strengthened the proposition that multiring-basin morphology is an ultimate consequence of increased impact energy and not related to some planetary property such as the presence of an asthenosphere. The diameter at which the transition from peak-ring basins to multiring basins takes place appears to follow the same inverse dependence on planetary gravity as the transition from simple to complex craters and the transition from central-peak to peak-ring basins. All impact basins greater than -140 km on Venus exhibit the attributes of multiring basins; this and the basic similarities between Venus and Earth suggest that impact features of this size on Earth should correspond to multiring basins as well. Three terrestrial craters identified to date exceed this size:
the Sudbury structure in Ontario, the Vredefort structure in South Africa, and the Chicxulub structure.
Gravity data over Chicxulub
Penfield and Camargo (1981) originally recognized two concentric zones in gravity anomaly and aeromagnetic data over the Chicxulub structure: an inner zone -60 km in diameter, characterized by a local gravity high and high-frequency magnetic anomalies approaching 1,000 nT, and an outer gravity trough with low amplitude (5 to 20 nT) magnetic anomalies. Hildebrand et al. (1991) , primarily on the basis of these patterns proposed that the Chicxulub crater was a double-ring or peak-ring basin with a rim diameter of -180 km. More recently, however, the gravity data over the northern Yucatan have been reprocessed (Sharpton et al., 1993) , and additional concentric patterns outside the original two have been identified (Plate 1 and Fig. 2 ), providing geophysical evidence that the Chicxulub basin is -300 km in diameter and may be a multiring impact basin. (Grieve et al.. 1981 : Melosh, 1989 . , 1974; Wilhehns, 1987 , Chapter 4, Spudis 1993 topography data for the lunar Orientale basin by the Clementine space probe (Spudis et al., 1994; Zuber et al., 1994) show that the steepest Bouguer anomalies are located over and within This leads to an enlargement of the gradient ring associated with the boundary between the transient crater and the more distal slumped outer basin floor. We suspect that our estimate based on gravity data would be somewhat larger than the transient crater's "rim-crest" diameter; therefore, it would overestimate the apparent diameter by >25% (Melosh, 1989: p. 112). Consequently, the most appropriate estimate of the "true" transient crater diameter resulting from analysis of the gravity data would be -105 to 160 km.
The topographic basin rim. The outermost ring at Chicxulub is a broad, discontinuous gravity feature whose crest is located at a diameter of -260 to 300 km. This ring is most conspicuously expressed to the south of the basin center as it crosses, and interrupts the southward-trending troughlike gravity low in Plate 1; B and C, and toward the east and north of the crater center. Sharpton et al. (1993 Sharpton et al. ( , 1994a have argued that this ring marks the modified topographic rim of the Chicxulub multiring basin. This ring is located at the edge of the broad circular gravity low associated with the Chicxulub basin; the anomaly edge corresponds approximately to the topographic rim at other terrestrial craters. We emphasize, however, that although the edge of the gravity depression is associated with the rim-crest region at many other terrestrial craters (e.g., Pilkington and Grieve, 1992) , gravity data alone cannot pinpoint the rim location, particularly if, as is the case for Chicxulub, the basin is completely filled with sediments that are similar in density to the upper target sequence. The outermost ring is probably not an exterior ring (i.e., located outside the topographic rim), as observed at some large multiring basins on other planets, because it has a detectable gravity expression and because of its association with the edge of the basin's circular gravity low. Consequently, this ,ing corresponds to the Cordilleran Scarp at Orientale (Ring 4: Fig. 1 ). As discussed in a later section, this interpretation is supported by welt data.
Magnetic data
The magnetic anomaly map of the Chicxulub structure.
compiled from aeromagnctic surve,,s, is shown in Plate I: D.
An -80-km-diameter zone of high-frequency dipolar magnetic anomalies with amplitudes of up to 1,000 nT occupies the center of the structure (as determined by concentric gravity anomaly patterns). This strongly magnetic zone is flanked by a region of lower amplitude (5 to 20 nT) high-frequency magnetic anomalies extending out to a radial distance of -100 km.
The magnetic signature of the Chicxulub structure is distinct from the regional magnetic characteristics of the attenuated continental crust of the Yucatan Peninsula. The central zone of high-amplitude magnetic anomalies is located within the first gravity ring and appears to be offset westward from the center of the gravity anomalies. Pilkington et al. (1994) Haughton crater, for instance, has no coherent melt sheet but shows a central zone of high magnetization (Pohl et al., 1988) that is considerably smaller than the crater floor defined on the basis of surface mapping and seismic studies (Fig. 2) .
Vredefort experienced such extensive erosion that, if a melt sheet was formed, it has subsequently been removed by erosion and only dikes of "bronzite granophyre" (French and Nielsen, 1990) remain as evidence of wholesale melting during impact. Nonetheless, Vredefort has magnetic anomalies that are comparable in amplitude and frequency to those observed over Chicxulub (Antoine et al., 1990; Hart et al., 1995) . The magnetic highs are inboard of the uplifted, highly deformed collar strata (Antoine et al.. 1990 ) that, as we discussed previously, seem to correspond with the central peak ring. The cause of the magnetization appears to be impact-induced thermal metanmrphism of the deformed deep crustal rocks composing the central uplift (Hart el al., 1995 ) . We therefore suggest that the principal sourcu of the lnagnetization at Chicxulub could also be the highly deformed and uplifted deep crystalline basement inside the peak ring. Based on well data alone, the Chicxulub basin extends -135 to 150 km from center to the vicinity of Yucatan-2, Yucatan-5A, and Yucatan-l, where the K/T boundary is nearest to the present surface (Fig. 3) . This distance corresponds to the location of the fourth and outermost ring of gravity anomalies (Plate 1 and Fig. 2 ). Filling the basin are Tertiary limestones and marls ranging in thickness from slightly over 1 km near the center to less than 300 m at the basin rim. The total thickness of platform rocks at the time of the impact is constrained by depth to basement outside the structure (removing the thickness of the Tertiary section) and is -2 km in Y4 as well as in several other wells located east and south of the structure between 200 and 300 km from the center, such as Quintana Roo 1, Tower Hill 1 and 2, and the Basil Jones 1 wells (Lopez-Ramos, 19831 . In wells located within -160 km of the center, that is.
Ticul-I, Yucatan-1, Yucatan-5A, and Yucatan-2, the silicate basement appears to be 750 to 1,000 m deeper than in more distant wells (Fig. 3) . This is consistent with faulting and sag- The Upper Cretaceous-Lower Cretaceous contact is also substantially deeper in wells inside the basin (Fig. 3) A-C). This grading indicates that the breccia sequence most likely represents fall-back ejecta that was either sorted during transport through the atmosphere or ocean or subsequently reworked. At the Ries crater, sorted suevite is also observed but on]y near the top of the suevite sequence (Strffier, 1977; Newsore el al., 1990) , suggesting the possibility that the Chicxulub suevite deposits may extend much deeper than the current drill cores reach. Pilkington et al. (1994) envisage the peak ring of the Chicxulub impact crater as a thick wedge of this upper breccia floating on a thick pool of impact melt rock. In addition to the problems with this interpretation discussed earlier, the evidence that these upper breccias are normally graded, and thus reworked, provides further evidence that they are unrelated to a primary element of crater morphology like the central peak ring. (Fig. 3) , relief across the basin during Lower Danian was -700 to 800 m. Melt rocks and melt matrix breccias. Below the deposits of suevite (Fig. 3) A recrystailization effect commonly associated with shockdeformed quartz clasts observed in the Chicxulub melt rocks is the occurrence of "ballen structures" characterized by distinctive perliticlike fracture patterns that define individual optical domains (Plate 2; N). Similar features have been observed at the Ries crater (Engelhardt, 1972) , Lapp_ijavi crater (Carstens, 1975; Bischoff and Strffier, 1981 ) , and West Clearwater Lake structure (Mclntyre, 1968; Phinney et al., 1978) . These ballen structures seem to document the strain associated with devitrification of either an impact-fused quartz glass known as lechatelierite (Carstens, 1975) , or diaplectic (shock-vitrified without fusion) quartz glass (Bishoff and St6ffler, 1981) . St6ffier and Langenhorst (1994) have shown that diaplectic glass displays a higher degree of long-range order than normal fused glasses quenched from a melt (e.g., silicic w)lcanic glasses) and effectively retains a "memory" of its previously crystalline state.
Characteristics
Consequently, they note, diap[ectic glass reverts to c_-quartz + cristobalite during annealing, instead of just cristobalite as is the case with fused silica glass. Bischoff and Strffler (1981) (Blum et al., 1993) and the heterogeneous distribution of up to 3% meteoritic contamination (Sharpton et al., 1992; Schuraytz and Sharpton, 1994; Koeberl et al., 1994) .
Considering current constraints on excavation depth (15 to 25 kin) of the Chicxulub impact event (Sharpton et al., 1994b) and the potential lithologic diversity within this volume, the observed chemical variability (andesitic to dacitic) is rather small and in keeping with the gross compositional homogeneity of melt rocks from other terrestrial impact structures, such as Manicouagan (Grieve and Floran, 1978) (Schuraytz et al., 1994) .
Are these rocks from a coherent melt sheet? Several workers
have interpreted these melt rocks as the Chicxulub melt sheet (Hildebrand et al., 1991 ; Pilkington et al., 1994) , however, the current constraints on lateral and vertical continuity of these melt zones are very poor and it seems premature to interpret these deposits as necessarily representative of a coherent melt sheet. Isolated melt zones are observed in the Sudbury structure associated with the fall back sequence (Onaping Formation); similar "stratiform melt bodies," several tens to a few hundred meters thick have been documented within the suevite breccias from the 100-kindiameter Popigai structure (Masaitis et al., 1980; Masaitis, 1990) and the 45-kin-diameter Montagnais (Jansa et al., 1989 (Jansa et al., , 1990 . et al., 1984 et al., , Bohor, 1990 Izett, 1990; Sharpton et al., 1990a, b; 1992; 1994a) . For instance, Figure 4 shows the match between feldspar compositions of shocked basement clasts within Chicxulub suevites and ejecta deposits with shocked feldspars from the upper member of Raton Basin K/T boundary layer. These observations provide compelling evidence that the Chicxulub impact event is responsible for both the shocked minerals observed in the upper member of the K/T boundary sequence and the glass-rich lower member. Consequently all evidence to date points to a singular, extremely energetic, and deadly impact event at the K/T boundary.
Ejecta and allogenic impact breccia deposits (Bunte Breccia equivalents).
The , 1991; Hildebrand, 1992 Hildebrand, , 1993 Kring, 1993; Pilkington et al., 1994) . We now have compelling evidence, however, that the whole anhydrite-dolomite-bearing breccia unit is the continuous ejecta deposit at Chicxulub as independently proposed by Pope et al. (1993) and Sharpton et al. ( 1994a, b) .
We have lbund trace quantities (<1% volume) of shocked but unmelted silicate basement clasts and melt-rock clasts with small xenocrysts of shocked quartz and feldspar (Plate 2; O-Q) in all our samples throughout the anhydrite-dolomite breccia shown in Figure 3 . Shocked feldspar crystals within larger melt clasts have compositions similar to those found within the Chicxulub suevite breccias and the K/T boundary layer (Figure 4) . This evidence demonstrates that the anhydrite-dolomite breccia unit is the Chicxulub crater's continuous ejecta deposit and is analogous to the well-studied Bunte Breccia at the Ries Crater (H/3rz and Banholzer, 1980; H6rz et al., 1983) . It is likely that the proportion of silicate basement apparent in these breccia samples has been diminished by the effects of chemical alteration and secondary mineralization working on the highly vulnerable shocked and partially melted basement clasts. At the Yucatan-2 well site (where this unit previously was estimated to be -:90 m thick), this unit is >600 m thick, and the top of the unit is located -250 m below sea level.
Pilkington et al. (1994) noted that published reports do not
show an Upper Cretaceous breccia unit occurring at the Ticul-1 well (-95 km from center) and claim that this provides strong evidence that Chicxulub cannot be a 300-kin-class impact basin.
However, with the exception of the work conducted at the University of New Orleans (Marshall, 1974; Weidie et al., 1978; Ward et al., 1985; Weidie, 1985) , this breccia was not recognized in any wells: Lopez-Ramos (1983) shows a sequence of interbedded anhydrite and carbonate units in the uppermost Cretaceous section in Yucatan-1, Yucatan-2, Yucatan-4, and Yucatan-SA at stratigraphic levels where breccia was subsequently reported by Marshall (1974) and Weidie et al. (1978) . This circumstance was primarily due to the fact that the University of New Orleans (UNO) group focused on core studies, whereas previous reports were based predominantly on analyses of drill cuttings. Ticul-1 core samples were not available to the UNO group, so it is not surprising that the breccia was not recognized there. They find the pre-Cenozoic section in the Ticul-1 well to be 200 to 300 m shallower than similar strata at the Yucatan-2 well. We attribute this to the intersection of the Ticul-1 core with the northward-dipping normal fault system shown in Plate 1 (Ticul Fault) . This is consistent with the present topography across the scarp, which constrains the vertical offset on the fault to be in excess of-100 m. Ward et al. (1995) However, given the lack of well data and gravity stations in the offshore western part of the basin as well as uncertainties associated with the cenote ring, either estimate is permitted. Evaluation and refinement of these models are possible through acquisition of high-quality seismic data across the Chicxulub basin, additional gravity data for the western portion of the basin, and a program of deep and shallow drilling within and around the basin.
Analysis of the ejecta deposits surrounding the Ries crater
indicates that approximately 30% of the Bunte Breccia represents "'primary" material derived from within the excavation cavity, the rest being local materials incorporated into the breccia during its energetic emplacement (H6rz et al., 1983) . Accepting this estimate for Chicxulub and assuming the average thickness of the Chicxulub ejecta is 400 m, there would be more than 20,000 km 3 of primary ejecta located between 135 and 300 km from center around the Chicxulub structure. Because this breccia unit is derived predominantly from the 2 to 2.5-kin- Figure 6 . East-looking Magellan radar image of the Mead impact basin, the largest exposed impact structure on Venus (270-kin diameter). This muttiring basin is located at 12.5°N: 57.0°E. Mead may be the best planetary analog of the buried Chicxnlub basin. The rim to lloor depth of this feature is -I,100 m. The outer ring is the topographic basin rim and corresponds to Ring 4 in our Chicxulub gravity model. The rim stands 300 to 400 m above the surrounding plains.
Between the rim and the next prominent ring is a broad flat shelf that on average is -350 m below the surrounding plains (-700 m below the maximum rim height). The inner scarplike ring (corresponding to Ring 3 in our model) marks a sharp drop in elevation of -350 m to the crater center. The two innermost rings are covered by impact deposits.
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